Recent experiments have demonstrated magnetic reconnection between colliding plasma plumes, where the reconnecting magnetic fields were self-generated in the plasma by the Biermann battery effect. Using fully kinetic 3-D simulations, we show the full evolution of the magnetic fields and plasma in these experiments, including self-consistent magnetic field generation via the Biermann battery effect as well as advection and dilation of the field with the expanding plasmas. The collision of the two plasmas drives the formation of a current sheet, where reconnection occurs in a strongly time-and-space-dependent manner, demonstrating new 3-D reconnection mechanisms. At early times, we observe fast, vertically-localized Biermann-mediated reconnection, an inherently 3-D reconnection mechanism where localized heating in the reconnection layer coupled with the ablation density profile conspires to break field lines, reconnecting them downstream. At late times, fast reconnection is sustained by both the collionless pressure tensor and the Biermann effect.
The Biermann Battery effect [1] is one of the few mechanisms known to spontaneously generate magnetic fields in plasmas. In the context of astrophysics, while too weak to generate the present-day observed cosmic magnetic fields by itself, the Biermann Battery effect is widely regarded as a possible source of the seed magnetic field, subsequently amplified by protogalactic turbulence [2] . In High Energy Density (HED) plasmas this effect has been shown to generate strong magnetic fields (10-100 T) during intense laser heating [3] [4] [5] [6] [7] [8] [9] [10] [11] . The extreme magnitude of the observed fields is a result of strong non-collinearity of density and temperature gradients (∇n × ∇T ) which drive regions of net circulating electromotive force. In such experiments [3] [4] [5] 11] , when two plumes are ablated adjacently, the oppositely polarized Biermann fields collide and undergo magnetic reconnection, the universal process in which magnetic fields threaded through plasma undergo a fundamental topological change, which results in often violent conversions of field energy into kinetic energy. HED laser plasmas provide a platform to broadly study magnetic reconnection, which is intrinsic to many phenomena throughout plasma physics [12] , from the sawtooth instability in magnetic fusion confinement devices [13] to solar flares [14, 15] and disturbances in the Earth's magnetosphere [16] . Indeed, recent HED experiments have observed many interesting effects associated with reconnection, including flux annihilation [4] , stagnation of reconnection [11] , and particle jets [3, 7] . However, the inherent 3-dimensionality of these experiments, on which the Biermann generation process entirely depends, has yet to be investigated. A natural question to ask regards the continued role of the Biermann battery effect during reconnection and energy conversion, given its importance for initially generating the fields. This line of investigation is also necessary in understanding the possible role of magnetic fields and reconnection in indirect and direct-drive inertial confinement fusion experiments, including the effect on energy partitioning and the modification of heat transport [17, 18] .
In this Letter, we present the first end-to-end fully kinetic computational study of the 3-D magnetic reconnection in two recent HED experiments [3, 6] , where field generation and evolution self-consistently follow from the ablation dynamics. Furthermore we demonstrate for the first time that the Biermann battery effect can play a direct role in 3-D magnetic reconnection, as we find the density and temperature profiles in the current sheet conspire to both destroy incoming flux and reconnect significant flux downstream via ∇n × ∇T . We refer to this intrisincally 3-D process as "Biermann-mediated reconnection." In the reconnection context, we note that the role of the electron pressure in the generalized Ohm's law is long-known to be important in reconnection with a guide field, even in 2-D systems [19, 20] . However, the pressure physics presented here is intrinsically a 3-D effect, and therefore is ignored in standard 2-D reconnection models. We hypothesize that the findings may have important implications for reconnection and energy conversion in any 3-D reconnection systems, especially those with large density and temperature gradients such as in the presence of compressible plasma turbulence, as has been documented experimentally in the earth's magnetosheath [21] , the heliopause [22] , and in simulations arXiv:1710.08556v2 [physics.plasm-ph] 4 Dec 2017 of turbulent reconnection, including the highly turbulent reconnection upstream of high-mach number shocks [23] . In addition to these physics insights, we also demonstrate other 3-D effects in the system which are important for determining the rate of reconnection and energy conversion, including the role of vertical flux dilation to counteract flux pile-up in the reconnection layer [24] .
Alongside HED experiments, fully kinetic simulations have proved to be an effective tool when investigating reconnection physics. Previous kinetic simulations of HED laser experiments based on model profiles have provided valuable insight into reconnection dynamics in this regime, including flux-pileup near the reconnection layer [24] , plasmoid formation [25] , the role of the Nernst effect in semi-collisional regimes [26] , and particle acceleration by reconnection [27] . PIC simulations have also modeled Biermann magnetic field generation in expanding plasmas [28] . While one such study has investigated reconnection in electron-dominated (system size L / d i0 ≤ 1) relativistic plasmas driven by short-pulse lasers [29] , here we present the first end-to-end simulations in MHD regimes (L / d i0 1), capturing the time and spatially dependent field evolution characteristic of recent experiments driven by long-pulse lasers. For direct comparison, simulation results presented are modeled after two recent reconnection experiments at the Vulcan [3] and Shenguang-II (SG-II) laser facilities [3, 6] , for each of which the relevant experimental parameters are presented in reference [30] . The generally good agreement between these simulations and experiments, including observed magnetic field strength and plasma evolution, supports the insights into the the reconnection process obtained by the simulations presented here.
We use a formulation of generalized Ohm's law in order to quantitatively account for the mechanisms involved in the generation, advection, and reconnection of the magnetic field. Via Faraday's law and generalized Ohm's law, the evolution of the magnetic field is described by
where each term on the RHS has a physical interpretation. The ion flow and Hall terms solely advect the field and therefore preserve magnetic field lines. The third term, recognized as the Biermann battery term, which once the curl is taken can be written as − 1 nee ∇n e × ∇T e , generates (or destroys) field depending on the temperature, density, and field configurations. The traceless pressure tensor term (∇ · Π e ), which is known to be very important in collisionless reconnection layers [31] , includes the effect of viscosity as well as contributions from anisotropies between on-diagonal pressure components. R ei is the collisional momentum transfer between electrons and ions and includes both resistive diffusion and advection via the Nernst effect (via the thermal force). As shown below, detailed analysis of the magnetic field evolution via Eq. 1 characterizes the role of the Biermann-battery effect to mediate reconnection alongside canonical pressure tensor mechanisms [31] .
Simulation setup: We use the PSC code [32] , a fully kinetic, explicit particle-in-cell code with Coulomb collsions, to model the two reference experiments. Simulations are initiated by heating a thin target with a model heating operator, obtaining expanding ablated plasma plumes. Correspondence of the simulation parameters with the physical system is obtained by matching the ion skin depth (evaluated at the ablation density) to the system size. The full simulation setup and scheme for modeling electron heating and plasma ablation is described in reference [30] . 3-D simulations include the outflow (Y ) dimension in addition to the inflow (X ) and vertical (Z ) dimensions. For computational simplicity, each boundary is periodic where the inflow dimension is much shorter than the outflow and vertical dimensions. Similar to reference [30] , we measure n ab and T ab to define the ref-
1/2 . Together these define the characteristic ablation timescale t d = d i0 /C s,ab , which, along with measured n ab and T ab , allows us to match PSC results to radiation-hydrodynamic simulations performed with the DRACO code [33] . This procedure converts our results to physical units, allowing us to connect directly with experimental observations.
We use a compressed electron-ion mass ratio, Zm e /M i = 1/64, and a compressed ratio between the electron thermal speed and speed of light T ab /m e c 2 = 0.04. We find that we are able to compress these values far below the physical ratios while achieving convergence in our results, so long as Zm e /M i , T ab /m e c generated fields represented by the blue surface. We observe magnetic fields generated up to 300 T in the SG-II case and 130 T at the Vulcan scale, comparable to the 370 T and 70-130 T estimated in each respective experiment [3, 7] . Fig. 1 (b) shows a contour of the electron pressure (orange) and density (light blue) from a sideon view, highlighting the 3-D behavior of the ablation and plume collision process of each plume. Magnetic reconnection is evidenced by the presence of downstream magnetic field energy as well as the non-zero E · j within the current sheet, representing a direct conversion of field energy into kinetic energy. Fig. 2 shows the evolution of the reconnection current sheet at two different times. Fig. 2 (a) shows a 3-D visualization of T e and n e contours as the magnetic fields begin to collide. Fig. 2 (b-d) , t = 9 t d , and (f-h), t = 25 t d , present the inflow plane profiles of n e , T e , and B in , where the heating is incident at the bottom edges of the view. We find that the Biermann battery generation continues to add upstream flux throughout the simulation; however, the generation mechanism is strongest during the initial heating. Fig. 2 (e, i) show B out along the outflow plane (at x/d i0 = 0), including a sharp structure of flux at z ≤ 20 d i0 and a more diffuse, extended structure from z = 20 − 80 d i0 . These two regions are clues to the multiple reconnection mechanisms operating in the simulation.
Biermann-mediated Reconnection:
The profiles shown in Fig. 2 (a-d) demonstrate how Biermann-mediated reconnection takes place. At this time, the plumes are just beginning to interact; we observe the initial Biermann fields (strongest around x = ±15 d i0 ) have been generated and are advecting toward the collision site. While the bulk plume densities have yet to collide, the reconnection process has already begun, as evidenced by the significant localized outflow field seen in Fig. 2 (a, d) , generated at z = 5 − 10 d i0 . At this time the reconnection layer has β ≈ 2, where β is the ratio of plasma pressure to magentic pressure. Seen in Fig. 2 (a, c) a localized hot spot has developed in the reconnection layer between the colliding magnetic fields, a result of hot electrons horizontally streaming in front of the fields. This hot spot flips the direction of ∇T e in the current sheet to point toward the x-point rather than toward the plume. Given ∇n remains directed toward the high density target, the reversal of the temperature gradient leads ∇n × ∇T to change sign and destroy the incoming flux. The downstream temperature and density profiles likewise have outflow regions where ∇T e points opposite the outflow, toward the collision site, leading ∇n × ∇T to create outgoing flux as ∇n remains toward the target. In Fig. 3 (a, b) the Biermann term (− 1 nee ∇n e × ∇T e ) is plotted in both the inflow and outflow plane. In addition to standard Biermann battery generation (seen at the edges from x = ±10 − 40 d i0 in 3 a), we observe the localized reversal of the Biermann term, breaking field lines within the reconnection layer, close to the target. In Fig. 3 (b) we find the Biermann term generating significant downstream flux. Referring to Fig. 2 (d-e) we find the inflow and outflow fields correspond exactly to the Biermann destruction and creation terms.
Vertical Dilation: Fig. 2 (f-h) show the inflow profiles after the bulk densities have collided. The current sheet has now fully formed and thinned with the scale of the local d i (local d i = 2 − 5 d i0 , depending on vertical reconnection location.) At this time, inside the reconnection layer β ≈ 20. Fig. 2 h) shows little pile-up in B in at the reconnection site; rather, the field is spread across the vertical. The reduction of flux pile-up is understood as a 3-D dilation effect caused by the ion advection term ∇ × (v × B), the −B y ∂V z /∂z component in particular, where flux dilates vertically and stacks, rather than We return now to analyze the second, more diffuse region of reconnected magnetic flux spanning from z = 20 − 80 d i0 in Fig. 2 (i) . Fig. 3 (c, d) shows that the inflow component of the collisionless pressure tensor term, ∂ 2 Πe xz n∂x 2 , related to electrons' meandering orbits within the layer [34] , is partially responsible for breaking field lines and reconnecting flux over this diffuse region. We note this is not the particular non-gyrotropic component that has been found responsible for fast collisionless reconnection in previous 2-D PSC reconnection simulations [24] . While it is tempting to directly connect this reconnection region with 2-D reconnection, a further inspection shows that the Biermann term intermittedly plays a role in the reconnection in this region as well.
Fundamentally, the Biermann-mediated reconnection mechanism cannot operate in a simple 2-D reconnection scenario, as a density gradient along the reconnection x-line is required. Initially, we find Biermann-mediated reconnection to be localized near the target, with strong inflow driven by the Hall and Nernst effects, resulting in local reconnection rates of 0.1 B in V A (where the local B in V A ≈ 0.1 B 0 C s0 ); We find the vertically diffuse reconnection region, where reconnection is supported by both mechanisms, to have spatially and temporally dependent reconnection rates, ranging from 0.05 − 0.1 B in V A (where now, due to flux dilation, the local B in V A ≈ 0.03 B 0 C s0 ). The local rate slows as the current sheet thins but then speeds up as two plasmoids develop and jet downstream at the local V A ≈ 400 km/s, in agreement with experimental observations of plasmoid jets [7] . Comparing the rate of overall flux reconnection in Fig. 3 (e) , we find in both Vulcan and SG-II simulations that Biermannmediated reconnection and collisionless pressure tensor reconnection contribute significantly.
The simulations shown in this Letter present novel insights into the 3-D physics of laser-driven reconnection experiments. In addition to MHD-scale HED experiments, we propose that Biermann-mediated reconnection is likely important in recent short-pulse experiments, where relativistic electrons are constrained to travel along the target surface [35] . In fact, reference [29] shows that the electron pressure tensor plays a large role, although the Biermann and off-diagonal pressure contributions were not separated in the Ohm's law. Furthermore, Biermann-mediated reconnection and flux dilation could likely play a role in highly turbulent 3-D reconnection. This will be explored in future simulations at even larger system sizes characteristic of current experiments being performed at the OMEGA and NIF facilities, where 3-D plasmoid dynamics are predicted to play a role. Preliminary results indicate non-thermal particle energization is obtained during the Biermann-mediated reconnection, which will be reported in detail in future publications. 
